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ReviewThe Potential of Muscle Stem Cells
daughter myoblasts both by biochemical and biologicalPatrick Seale,1,2 Atsushi Asakura,2
and Michael A. Rudnicki1,2,3 criteria (Seale and Rudnicki, 2000).
Skeletal muscle also contains a population of adult1 Department of Biology
McMaster University stem cells, so-called muscle-derived stem cells that ex-
hibit the ability to differentiate into a variety of cell types.Hamilton, Ontario L8S 4K1
2 Molecular Medicine Program Muscle-derived stem cells are enriched by fluores-
cence-activated cell sorting (FACS) of Hoechst-stainedOttawa Health Research Institute
Ottawa, Ontario K1H 8L6 dissociated muscle cells (Figure 2). Muscle-derived
stem cells represent a proportion of side populationCanada
(SP) cells, which actively exclude Hoechst 33342 dye
(Gussoni et al., 1999; Jackson et al., 1999). The efflux
of Hoechst dye in SP cells is mediated by the activitySkeletal muscle contains two types of stem cells: sat-
ellite cells, which function as myogenic precursors, of multidrug resistance (mdr)-type proteins on the cell
surface. The SP fraction, first identified in murine boneand a population of multipotent adult stem cells. Satel-
lite cells are believed to form a stable, self-renewing marrow, is highly enriched for long-term repopulating
hematopoietic stem cells (Goodell et al., 1997). The SPpool of stem cells in adult muscle where they function
in tissue growth and repair. An additional stem cell from skeletal muscle similarly contains stem cells capa-
ble of bone marrow reconstitution and myogenesis fol-population in adult muscle displays a remarkable ca-
pacity to differentiate into hematopoietic cells as well lowing systemic introduction into lethally irradiated
mice.as muscle following transplantation. This article dis-
cusses the characteristics and properties of these cell The discovery of multipotent adult stem cells in di-
verse tissues has raised many questions concerningpopulations, the relationship between them, and the
potential for stem cell-based muscle therapeutics. their normal role and function as well as their potential
utility for cell-mediated therapy. In this review, we sum-
marize our current understanding of the different stemIntroduction
The unexpected differentiation plasticity displayed by cells within muscle and discuss their utility for regenera-
tive medicine.stem cells from adult tissues has challenged the widely
held belief that tissue-specific cells are committed to
a developmental fate. By definition, a stem cell is not Muscle Satellite Cells
differentiated, displays a capacity for self-renewal Muscle satellite cells are born during the final wave of
throughout the lifetime of an organism, and has the embryonic myogenesis, first appearing in the limbs of
potential to give rise to a large number of differentiated mouse embryos at about 17.5 days postcoitum
progeny. Importantly, both muscle satellite cells and (Bischoff, 1994). Myoblasts derived from satellite cells
muscle-derived stem cells satisfy these criteria. Stem can be distinguished from embryonic and fetal myo-
cell plasticity reflects the range of differentiated cell blasts by morphological criteria, their capacity to differ-
types that a single cell can generate in response to entiate appropriately in the presence of the phorbol es-
different stimuli (reviewed by Blau et al., 2001). For in- ter TPA, and by a distinct fingerprint of expressed genes
stance, hematopoietic stem cells are multipotent in that (Figure 1; Beauchamp et al., 2000; Bischoff, 1994; De
they give rise to all of the differentiated cell types in Angelis et al., 1999). The developmental origin of satellite
blood. Satellite cells, by contrast, are unipotent, since cells appears to be separate from other myogenic pre-
they normally give rise to only one type of differentiated cursors that originate during embryonic and fetal life.
progeny, that is, myogenic precursor cells. Early studies suggested that the somitic mesoderm
Satellite cells define a unique lineage of myogenic gives rise to all myogenic lineages, including satellite
progenitors that arise late in development and are re- cells (Armand et al., 1983). However, De Angelis and
quired for postnatal muscle growth and repair (reviewed coworkers observed that embryonic blood vessels con-
by Bischoff, 1994; Seale and Rudnicki, 2000; Figure 1). tain a developmental source of satellite cell progenitors
They have classically been defined by strict morphologi- (De Angelis et al., 1999). Their work convincingly demon-
cal criteria as occupying grooves or depressions be- strates that dorsal aortic explants as well as limbs from
tween the basal lamina and sarcolemma of muscle fibers pax3/ and c-met/ embryos, which do not possess
(Mauro, 1961; Figure 1). However, they can now be de- migrating embryonic muscle precursors, give rise to col-
fined by gene expression profiles and in vivo function. onies of myogenic cells identical to satellite cell-derived
Satellite cells express specific genes such as m-Cadh- myoblasts. This study thus raised the intriguing possibil-
erin, CD34, and Pax7, and following activation, give rise ity that tissue-specific stem cell populations, such as
to large numbers of daughter myoblasts in addition to satellite cells in skeletal muscle, may develop from
repopulating the satellite cell pool (Beauchamp et al., multipotent precursors associated with the vascular
1999, 2000; Seale et al., 2000). Satellite cells thus repre- system.
sent committed stem cells, which are distinct from their Several studies have suggested that satellite cells are
not a homogeneous pool of committed myogenic stem
cells, but rather exist as a heterogeneous population3 E-mail: mrudnicki@ohri.ca
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muscles were suggested to function as a “reserve” pop-
ulation to be set aside as quiescent stem cells for mature
muscle (Schultz, 1996). A population of cells in muscle
has also recently been described which continues to
participate in myofiber repair following high doses of
radiation (Heslop et al., 2000). Together, these data sug-
gest that satellite cells are a heterogeneous class of
myogenic stem cells. However, whether these subpopu-
lations reflect the existence of distinct cell lineages or
dynamic cellular phenotypes remains to be determined.
Quiescent satellite cells are activated during normal
growth, by exercise, stretching, and injury, and in degen-
erative diseases such as muscular dystrophy. Activated
satellite cells enter the cell cycle and give rise to muscle
precursor cells (mpc), which undergo multiple rounds
of proliferation prior to terminal differentiation and fusion
with new or growing myofibers. Based on several lines
of evidence, hepatocyte growth factor (HGF), together
with its receptor, c-met, have emerged as important, if
not integral mediators, of satellite cell activation (Allen
et al., 1995; Anastasi et al., 1997; Tatsumi et al., 1998).
However, a physiological mechanism for the release of
HGF in response to myofiber damage or stress has yet
to be established. Other molecules implicated in the
activation or expansion of satellite cells during regenera-
tion include FGF-2, FGF-6, LIF, IL-6, IGF-1, and NO (re-
viewed by Seale and Rudnicki, 2000). What remains un-
clear is whether any of these different growth factors
impinge on the de novo formation of satellite cells, exert
effects at the level of satellite cell self-renewal, or func-
tion solely to stimulate expansion of the pool of replicat-
ing myoblasts.
Muscle growth (increase in fiber size) in response to
functional overload such as weight lifting is also medi-
ated at least in part by the recruitment of satellite cell
nuclei to myofibers as well as increased protein synthe-
sis (Rosenblatt et al., 1994). IGF-1 is implicated in myo-
fiber hypertrophy through induction of the calcineurin-
NFAT signaling pathway, which upregulates the activityFigure 1. Satellite Cells Are the Committed Myogenic Stem Cells of
Adult Muscle of GATA2 (Musaro et al., 1999, 2001; Semsarian et al.,
1999). Furthermore, calcineurin-NFAT activity promotes(A) Transmission electron micrograph of a satellite cell (SC) as identi-
fied by the plasma membrane (arrowheads) separating the satellite Myf5 expression in nonfusing myogenic “reserve” cells
cell from adjacent myofiber, the continuous basal lamina sur- from differentiated muscle cultures, suggesting that this
rounding the satellite cell and myofiber (arrows), and the heterochro- pathway may also target direct activation of Myf5 in
matic appearance of the nucleus. MN, myonucleus within fiber
satellite cells (Friday and Pavlath, 2001). Strikingly, adultnuclei.
mice lacking NFATC2 have small muscles, likely due to(B) Myf5-nlacZ is expressed in myonuclei in fresh (day 0) single
defects in nuclear accretion of myoblasts to growingmuscle fibers as well as activated satellite cells and myoblasts (day
3) derived from Myf5-nlacZ mice (Beauchamp et al., 2000). muscle fibers (Horsley et al., 2001). Importantly, these
studies imply that modulating IGF-1/NFAT signaling may
offer novel therapeutic approaches to prevent atrophy
and weakness in aging muscles.with different subpopulations exhibiting distinct bio-
chemical and biological properties. For example, satel-
lite cells are heterogeneous with respect to the expres- The Myogenic Regulatory Factors in Satellite Cells
The expression profile of the myogenic factors MyoD,sion of CD34 and Myf5-nlacZ, with a small proportion
of satellite cells expressing neither marker (Beauchamp Myf5, myogenin, and MRF4 in the satellite cell lineage
is analogous to the developmental program manifestedet al., 2000). It is possible that these putative satellite
cells expressing no myogenic markers are muscle- during embryonic myogenesis. Quiescent satellite cells
in vivo do not appear to express detectable levels ofderived stem cells that have been “trapped” in satellite
cell positions. In addition, there is a slowly dividing sub- any myogenic regulatory factor (MRF) (Cooper et al.,
1999; Cornelison and Wold, 1997; Smith et al., 1994). Thepopulation of myogenic progenitor cells that displays an
increased capacity for survival and expansion following presence of lacZ-expressing satellite cells in cultured
muscle fibers from Myf5-nlacZ mice, however, suggeststransplantation (Table 1; Beauchamp et al., 1999). Simi-
larly, slowly dividing satellite cells identified in growing the possibility that Myf5 is transcribed at low levels in
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Figure 2. Isolation of Adult Stem Cells by
FACS
(A) FACS fractionation of side population (SP)
cells from marrow and muscle allows the iso-
lation of adult stem cells on the basis of
Hoechst dye exclusion.
(B) FACS/Hoechst-purified SP (arrowheads)
from skeletal muscle together with primary
myoblasts (arrows) for size comparison. Note
the small size of muscle-derived SP (10 m
in diameter).
satellite cells (Beauchamp et al., 2000). Alternatively, upregulate either MyoD or Myf5 within 3 hr of experimen-
tally induced muscle injury prior to entering S phase atthe preparation of single muscle fibers may activate
quiescent satellite cells and induce transcription from about 30 hr postinjury and subsequent coexpression of
Myf5 and MyoD (Cooper et al., 1999; Cornelison andthe Myf5 locus. It is also conceivable that induction of
Myf5-nlacZ in satellite cells is unique to this particular Wold, 1997).
Adult mice lacking MyoD display marked deficits intargeted allele. Once activated, satellite cells rapidly
Table 1. Myogenic Cells and Stem Cells Used for Transplantation in Mice
Description Properties Reference
Myoblasts: determined primary Low rates of survival and therapeutic benefit Partridge, 2000
muscle cells and cell lines following transplantation.
mc13: clonal population of Adherent fraction of muscle-derived cells that engraft Lee et al., 2000
myogenic cells muscle efficiently upon transplantation.
Slowly dividing subpopulation of Small fraction of muscle-derived cells which survive Beauchamp et al., 1999
muscle-derived cells (in vitro) and persist following transplantation into muscle.
Neonatal primary myoblasts Give rise to satellite cells following intramuscular Heslop et al., 2001
transplantation.
Sca-1/CD34 muscle-derived Muscle-derived cells purified by FACS engraft Torrente et al., 2001
cells muscle following intraarterial injection.
Bone marrow SP cells FACS-enriched hematopoietic stem cells home to Gussoni et al., 1999
muscle and participate in myofiber formation
following systemic administration.
Muscle SP cells FACS-enriched cells engraft skeletal muscle and Gussoni et al., 1999




satellite cell function together with increased numbers
of satellite cells (Megeney et al., 1996). Consistent with
this observation, primary MyoD/myogenic cells exhibit
primitive characteristics and a marked reduction in dif-
ferentiation potential (Cornelison et al., 2000; Sabourin
et al., 1999). Expression of Myf5 alone may thus define
an intermediate developmental stage that facilitates sat-
ellite cell self-renewal.
Satellite Cells Are Myogenic Stem Cells
Satellite cells conform to the definition of a stem cell in
that they possess an inherent capacity for self-renewal
over multiple cycles of experimentally induced degener-
ation and regeneration, and give rise to daughter cells
that exhibit a large potential for expansion prior to termi-
nal differentiation. The absence of MRF expression in
quiescent satellite cells together with the expression of
specific markers including CD34, M-Cadherin, Msx1,
c-Met, and Pax7 further supports the assertion that sat-
ellite cells represent stem cells with identities distinct
from myoblasts (Beauchamp et al., 2000; Cornelison et
al., 2000; Cornelison and Wold, 1997; Seale et al., 2000;
Smith et al., 1994). Although activated satellite cells are
restricted to the development of determined muscle pre-
cursors in vivo, transdifferentiation of muscle precursors
to osteocytes and adipocytes has been observed follow-
Figure 3. Hypothesized Relationship between Adult and Tissue-ing exposure to different culture conditions, indicating
Specific Stem Cells
that the satellite cell lineage has maintained the capacity
According to this model, muscle-derived stem cells are the progeni-
to activate alternative developmental programs (Lee et tors of satellite cells and coexist as distinct stem cell tiers in some
al., 2000; Teboul et al., 1995). state of equilibrium within adult muscle.
The steady-state numbers of satellite cells remains
relatively unchanged between adulthood (2 months) and
old age (2 years) in mice, suggesting that a functional muscle-derived stem cells may represent the direct pro-
pool of stem cells is maintained throughout life (McGea- genitors of satellite cells (see Figure 3; Seale et al., 2000).
chie and Grounds, 1995). This observation is further
Multipotent Adult Stem Cellssupported by the stable nature of telomeres in satellite
Muscle satellite cells have been described as unipotentcells from young and old human muscles alike, sug-
stem cells responsible for the growth and repair of mus-gesting minimal cell turnover throughout adulthood (De-
cle. However, recent experiments have identified thecary et al., 1997). The loss of muscle mass which occurs
existence of adult stem cells in most if not all tissueswith aging is thus likely to reflect changes to the in vivo
that exhibit the ability to differentiate into many differentmicroenvironment of satellite cells required for efficient
cell types following transplantation.activation and differentiation of satellite cells.
Transplantation studies have demonstrated the abilityThe molecular mechanisms responsible for the self-
of bone marrow cells to give rise to myogenic cellsrenewal of satellite cells in vivo remain unknown. It is
during bouts of muscle regeneration. Ferrari and col-possible that asymmetric division of satellite cells gives
leagues performed a seminal study in which marrowrise to a committed myogenic progenitor and a repopu-
from mice carrying a -galactosidase transgene ex-lating “self” similar to developmental processes in the
pressed under the control of a muscle-specific promoterDrosophila and mammalian CNS (Jan and Jan, 1998).
was transplanted into immunodeficient mice (Ferrari et
To date, asymmetric localization of determination fac-
al., 1998). Following chemically induced muscle dam-
tors has not been reported in newly activated satel- age, small numbers of lacZ-stained nuclei were detected
lite cells. Alternatively, Myf5-expressing satellite cells, in regenerating muscle fibers. Similarly, Bittner et al.
which do not upregulate MyoD, may exist transiently (1999) demonstrated recruitment of donor-derived mar-
in regenerating muscle and function to replenish the row cells to skeletal and cardiac muscles of mdx (dys-
satellite cell pool (Sabourin et al., 1999). In addition, trophin-deficient) mice. In their experiments, donor male
determined MyoD:Myf5 muscle precursor cells or nuclei (detected by Y chromosome-specific fluores-
even terminally differentiated muscle may dedifferenti- cence in situ hybridization [FISH]) were also detected
ate to form satellite cells. Notably, Msx1, which is ex- in endothelial cells. Collectively, these studies indicate
pressed in satellite cells, can repress MRF activity in the capacity of marrow-derived cells to circulate, home
myogenic cells and has been suggested to induce dedif- to sites of muscle damage, and differentiate into myo-
ferentiation of cultured myotubes (Cornelison et al., genic and other lineages in response to the host tissue
environment.2000; Odelberg et al., 2000; Song et al., 1992). Lastly,
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To investigate whether hematopoietic stem cells have Pax3 and Pax7 in Myogenic Determination
the capacity to participate in muscle repair, fractionated Pax7 encodes a paired box-containing transcription fac-
marrow SP cells were introduced systemically into le- tor that belongs to a gene family implicated in the control
thally irradiated mdx (dystrophic) hosts. Significantly, of diverse developmental processes. Pax7 is expressed
transplantation of 2000–5000 marrow SP cells restored in quiescent and activated satellite cells and is required
dystrophin expression to about 4% of host muscle fibers for the specification of the muscle satellite cell lineage.
12 weeks after engraftment (Gussoni et al., 1999). More Pax7-deficient skeletal muscle is histologically indistin-
recently, however, transplantation of normal bone mar- guishable from wild-type muscle at birth; however, it is
row into irradiated mdx hosts efficiently repopulated completely devoid of muscle satellite cells (Seale et al.,
the marrow but restored dystrophin expression to an 2000). Significantly, Pax7-deficient muscle contains nor-
average of only 0.23% of fibers at various times following mal numbers of SP cells and a high level of hematopoi-
transplant (Ferrari et al., 2001). The poor level of muscle etic progenitor activity. Together, these results demon-
engraftment achieved in this study suggests inefficient strate that satellite cells and muscle-derived SP cells
recruitment and/or myogenic conversion of marrow represent distinct cell populations resident in skeletal
stem cells. muscle.
Similar experiments with fractionated muscle SP cells Extensive investigation into the role of Pax3, a paralog
indicate that adult skeletal muscle harbors multipotent of Pax7, in embryonic myogenesis has provided testable
stem cell activity. Introduction of muscle SP cells into hypotheses regarding the activity of Pax7 in adult mus-
irradiated mdx recipients reconstitutes the bone marrow cle. Splotch (Sp) mutant mice lacking functional Pax3
and contributes to regenerating muscle with donor- display impaired migration of somitic myogenic precur-
derived nuclei detected in 9% of recipient muscle fibers sors to developing limb buds (Bober et al., 1994; Borycki
(Gussoni et al., 1999). Importantly, in contrast to marrow- and Emerson, 1997). Furthermore, compound mutant
derived cells, muscle-derived stem cells apparently Sp/Myf5/ mice do not express MyoD in their somites,
gave rise to satellite cells in recently regenerated host suggesting that Myf5 and Pax3 function upstream of
fibers. Perhaps most strikingly, muscle-derived cells MyoD in myogenic determination (Tajbakhsh et al.,
were capable of long-term repopulation of marrow and 1997). Ectopic expression of Pax3 in mesodermal ex-
contributed to all major blood lineages 3 months follow- plants from avian embryos is sufficient to activate skele-
ing injection (Jackson et al., 1999). Taken together, these tal myogenesis (Maroto et al., 1997). Moreover, domi-
experiments demonstrate that muscle tissue contains nant repression of Pax3 target genes by constitutive
a population of multipotent stem cells that can be en- expression of a chimeric Pax3-Engrailed repressor do-
riched based on Hoechst dye exclusion. main fusion protein inhibits myogenesis in P19 em-
An analogous study revealed that neural stem cells bryonal carcinoma cells (Ridgeway and Skerjanc, 2001).
repopulate the bone marrow/blood system in lethally Collectively, these studies support a model by which
irradiated mouse recipients (Bjornson et al., 1999). Such Pax3 or Pax7 is required for the specification of stem
neural stem cells were previously thought to be re- cells directed toward the myogenic lineage in the em-
stricted in potential to the development of neurons, oli- bryo and adult, respectively.
godendrocytes, and astrocytes. Neural stem cells have
also been suggested to contribute to a very broad range
Muscle-Derived Stem Cells and the Ontogeny
of differentiated cell types following injection into mouse
of Satellite Cellsand chicken embryos (Clarke et al., 2000).
Based on several lines of evidence, it is hypothesizedThe plasticity of bone marrow cells has now been
that muscle-derived stem cells may represent progeni-clearly demonstrated in numerous reports. For instance,
tors for satellite cells in adult skeletal muscle. Thismarrow-derived cells can differentiate as microglia and
hypothesis is first supported by the muscle-forming ca-astroglia following bone marrow transplantation (Eglitis
pacity of muscle-derived stem cells following trans-and Mezey, 1997), give rise to differentiated neurons
plantation in mice (Gussoni et al., 1999). Furthermore,following intravenous delivery into mice (Brazelton et
transplanted muscle-derived stem cells are found in sat-al., 2000; Mezey et al., 2000), as well as contribute to
ellite cell positions within host muscle fibers (Gussonibone, cartilage, and lung tissues (Pereira et al., 1998).
et al., 1999). Moreover, the increased numbers of hema-Furthermore, hematopoietic stem cells exhibit the po-
topoietic progenitors in Pax7-deficient muscle suggeststential to differentiate into hepatocytes as well as cardio-
that Pax7 stimulates the development of satellite cellsmyocytes following transplantation (Alison et al., 2000;
by restricting alternative developmental pathways (i.e.,Bittner et al., 1999; Jackson et al., 2001; Lagasse et al.,
hematopoiesis) in muscle-derived stem cells (Seale et2000; Orlic et al., 2001). Evidence for the pluripotentiality
al., 2000).of single stem cells is supported by experiments in which
However, an alternative hypothesis for considerationlimiting dilutions of hematopoietic stem cells were used
is that muscle-derived stem cells may possess an intrin-to achieve long-term bone marrow reconstitution and
sic capacity to differentiate directly into myogenic cells,engraftment of epithelial tissues in mice (Krause et al.,
altogether bypassing the satellite cell compartment. For2001). Taken together, the results highlighted here sug-
example, sonic hedgehog (Shh) or other molecules ingest that adult stem cells maintain the capacity to acti-
regenerating muscle may induce MRF expression withinvate diverse developmental programs following expo-
stem cells to activate myogenesis (Borycki et al., 1999).sure to appropriate environmental cues. Therefore,
These mechanisms are not mutually exclusive, and mus-these studies challenge the widely held view that adult
cle regeneration could be manifested by both satellitetissues possess only specialized stem cells that are pre-
determined to give rise to a particular cell type. cells and independent recruitment of adult stem cells.
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An important outstanding issue concerns the location due to continuous regeneration as in MD implies that
the development of satellite cells may be temporallyof muscle-derived stem cells within skeletal muscle. The
notion that satellite cells account for the “multipotent” restricted rather than being continuous throughout adult
life. Alternatively, dystrophin-deficient myofibers maystem cell activity in muscle has been discounted by
the observation that Pax7-deficient muscle is devoid of display defects in the recruitment of satellite cells. Re-
gardless, the depletion of satellite cells in MD suggestssatellite cells but contains muscle-derived stem cells. It
is conceivable that the vascular-associated satellite cell that engraftment of wild-type (dystrophin) satellite cells
into dystrophic muscles would provide an effectiveprogenitors identified in the embryo (De Angelis et al.,
1999) persist in close association with blood vessels as therapy.
muscle-derived stem cells in adult muscle. According to
this hypothesis, muscle-derived stem cell and satellite cell Myoblast/Stem Cell Transplantation
populations would coexist as distinct stem cell tiers in In the past, transplantation of cultured myoblasts has
some state of equilibrium within adult muscle (Figure 3). been largely ineffectual due to the rapid loss of trans-
Direct proof of a precursor/product relationship be- planted cells and their inability to migrate significantly
tween muscle-derived stem cells and satellite cells is from the site of injection (Partridge, 2000). However, a
lacking, and several questions remain outstanding. Can study conducted by Huard’s group identified a clonal
muscle-derived stem cells give rise to satellite cells? If population of muscle progenitor cells (mc13 cells) iso-
so, what is the flux between muscle-derived stem cell lated on the basis of differential adhesion that efficiently
and satellite cell compartments? It is possible that mus- participates in muscle regeneration (Table 1; Lee et al.,
cle-derived stem cells only contribute small numbers of 2000). Muscle progenitors have also been isolated by
nuclei to regenerating muscle but do not normally give flow cytometry on the basis of CD34 and Sca-1 (stem cell
rise to determined myoblasts or satellite cells under antigen-1) expression that appear to engraft dystrophic
physiological conditions in vivo. mouse muscle following intraarterial injection (Torrente
Is the birth of satellite cells continuous throughout et al., 2001). In addition, recent studies with newborn
adult life or is their formation developmentally re- primary myoblast cultures indicate that they have the
stricted? Do muscle-derived stem cells represent a ho- capacity to form satellite cells following transplantation
mogeneous pool of stem cells or alternatively, represent (Heslop et al., 2001). However, whether any of these
a heterogeneous pool with distinct subsets of potential cultured cells represent true stem cell pools remains to
and plasticity? For instance, it remains to be determined be established. Nevertheless, continuous myogenic cell
whether a given cell with hematopoietic activity from lines may prove useful as a source of myogenic progeni-
the marrow or muscle SP is also capable of myogenic tors for direct or systemic transplantation (Table 1).
differentiation. These important problems are experi- The use of bona fide stem cells in transplantation
mentally tractable, and therefore should be resolved in regimes for the treatment of degenerative diseases in-
the near future. Nonetheless, the presence of plastic cluding muscular dystrophy clearly holds much promise.
adult stem cells in many tissues has cleared the way for While it is feasible to deliver stem cells intravenously,
the development of strategies to exploit the properties of significant problems exist in attaining useful levels of
these cells in clinical settings. stable engraftment into host muscle. Stem cell therapies
may be improved by exposing the cells to combinations
of growth factors or small molecules to direct or facilitateMuscular Dystrophy
differentiation. Therefore, the molecular signals and en-Muscular dystrophy defines a collection of over 20 inher-
vironmental cues which regulate quiescence and differ-ited disorders affecting on the order of 1/3500 live births
entiation of muscle stem cells must be identified andworldwide on a yearly basis (Ozawa et al., 1998). About
carefully characterized as the first step in the ongoing2/3 of muscular dystrophies are classified as Duchenne
efforts to employ these cells for the purposes of regener-muscular dystrophy (DMD) or its milder allelic form,
ative medicine.Becker’s muscular dystrophy (BMD), arising from muta-
In an alternative approach, the introduction of devel-tions in the X-linked dystrophin gene. Dystrophin and
opmental control genes into adult stem cells may be aits associated proteins function to link the intracellular
useful strategy to direct their differentiation. For exam-actin cytoskeleton of muscle to laminins in the extracel-
ple, forced expression of Pax7 with viral vectors in iso-lular matrix, thereby protecting myofibers from contrac-
lated SP-derived stem cells may promote the formationtion-induced damage (Figure 4; Bonilla et al., 1988).
of satellite cell progenitors with an increased capacityOther forms of muscular dystrophy arise from defective
to regenerate muscle. Detailed analysis of the potentialinteractions between integrin 71 on muscle cells with
of muscle-derived stem cells ectopically expressing de-extracellular laminins (Figure 4; Gullberg et al., 1999).
velopmental control genes will elucidate the utility ofThus, integrin/laminin and dystrophin/laminin interac-
such an approach. Studies addressing the efficiency oftions are required for maintaining the structural integrity
ex vivo viral transduction to stem cells are also requiredof muscle fibers.
to determine whether genetic information can be effec-Damage to the muscle sarcolemma due to loss of
tively introduced into damaged tissue via stem cells.dystrophin complexes results in the continued activa-
tion of resident satellite cells. Repeated cycles of degen-
eration and regeneration in the skeletal muscles of DMD Alternatives to Myoblast/Stem Cell Transplant
To date, myogenic stem cell and myoblast transplanta-patients ensue, eventually exhausting the replicative ca-
pacity of satellite cells (Schultz and Jaryszak, 1985; tion have not attained a practical level of success for
use in human patients. A recent study by Burkin et al.Webster and Blau, 1990). The depletion of satellite cells
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Figure 4. Therapeutic Possibilities for Duchenne Muscular Dystrophy
(A) Intravenous delivery or direct intramuscular injection of muscle-derived stem cells and myogenic cell lines to provide a source of dystrophin
myogenic cells in diseased muscles.
(B) Adenoviral-mediated gene transfer of dystrophin or utrophin directly into muscle.
(C) Administration of Deflazacort (corticosteroid) slows the progression of muscle pathology in DMD.
(D) A schematic representation of the dystrophin/glycoprotein complex and the integrin/laminin-mediated attachment of muscle cells to the
surrounding extracellular matrix. Upregulation of utrophin or integrin 7 compensates for the functional loss of dystrophin.
(2001) suggests that pharmacological modulation of promising results in dystrophic animals (Figure 4; Gilbert
et al., 1998; Howell et al., 1998; Wakefield et al., 2000;basal lamina component expression may provide a
novel approach to treat muscle disease (Figure 4). Nota- Wang et al., 2000). Further studies to optimize transduc-
tion, vector design, and immune tolerance will be re-bly, increased expression of the integrin 7 chain signifi-
cantly improves muscle pathology, longevity, and mobil- quired to permit the use of these technologies success-
fully in human patients (reviewed by Hartigan-O’Connority in dystrophin/utrophin compound mutant animals.
This result suggests that increased binding of integrin and Chamberlain, 2000).
71 in muscle cells to laminin in the extracellular matrix
can partially rescue structural muscle weakness caused
Perspectivesby defects in the dystrophin protein complex. Similarly,
The identification of multipotent adult stem cells in manyincreased expression of utrophin, a homolog of dys-
tissues including muscle has stimulated wide interesttrophin expressed highly at neuromuscular junctions,
in stem cell biology. However, it is clear that there remaincan alleviate muscle pathology by compensating for the
huge gaps in our understanding of the molecular mecha-lack of dystrophin (Rafael et al., 1998; Tinsley et al.,
nisms regulating adult stem cell development and differ-1998).
entiation. Lessons learned from the study of organ andDeflazacort, a steroid hormone, has beneficial effects
cell differentiation in the embryo will certainly be valu-in dystrophic animals and human subjects, acting to
able guides in understanding the biology of adult stemimprove muscle strength and reduce the extent of car-
cells.diac pathology (Figure 4; Biggar et al., 2001; Reitter,
The advent of gene array and proteomic technologies1995; Skrabek and Anderson, 2001). Its mechanism of
together with the sequencing of genomes from humansaction remains unclear; however, a recent report sug-
and experimental organisms will provide tremendousgests that it acts by increasing laminin expression and
resources for stem cell research in the “genomic era.”promoting myoblast proliferation (Anderson et al., 2000).
New technological approaches make it possible to iden-Finally, the use of adenovirus and adeno-associated
tify genes and proteins expressed in small numbers ofvirus to deliver functional dystrophin, utrophin, or corre-
sponding “minigenes” to diseased muscle has yielded cells or even individual cells. Therefore, the generation of
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sight into the spectrum of genes which specify the iden- cle cell surface. Cell 54, 447–452.
tity and phenotype of a prototype stem cell. Such Borycki, A.G., and Emerson, C.P. (1997). Muscle determination: an-
other key player in myogenesis? Curr. Biol. 7, R620–R623.expression fingerprinting will provide an essential tool
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C., and Emerson, C.P., Jr. (1999). Sonic hedgehog controls epaxialstem cells and defining the molecular mechanisms that
muscle determination through Myf5 activation. Development 126,regulate stem cell plasticity.
4053–4063.
Brazelton, T.R., Rossi, F.M., Keshet, G.I., and Blau, H.M. (2000).Acknowledgments
From marrow to brain: expression of neuronal phenotypes in adult
mice. Science 290, 1775–1779.We wish to thank Claire Palmer and Dr. Anthony Scime for careful
reading of the manuscript. This work was supported by grants to Burkin, D.J., Wallace, G.Q., Nicol, K.J., Kaufman, D.J., and Kaufman,
M.A.R. from the Muscular Dystrophy Association, the National Insti- S.J. (2001). Enhanced expression of the  7  1 integrin reduces
tutes of Health, and the Canadian Institutes of Health Research. muscular dystrophy and restores viability in dystrophic mice. J. Cell
M.A.R. is a Research Scientist of the Canadian Institutes of Health Biol. 152, 1207–1218.
Research, and holds the Canada Research Chair in Molecular Genet- Clarke, D.L., Johansson, C.B., Wilbertz, J., Veress, B., Nilsson, E.,
ics. P.S. is supported by a scholarship from the Canadian Institutes Karlstrom, H., Lendahl, U., and Frisen, J. (2000). Generalized poten-
of Health Research. tial of adult neural stem cells. Science 288, 1660–1663.
Cooper, R.N., Tajbakhsh, S., Mouly, V., Cossu, G., Buckingham, M.,References
and Butler-Browne, G.S. (1999). In vivo satellite cell activation via
Myf5 and MyoD in regenerating mouse skeletal muscle. J. Cell Sci.Alison, M.R., Poulsom, R., Jeffery, R., Dhillon, A.P., Quaglia, A.,
112, 2895–2901.Jacob, J., Novelli, M., Prentice, G., Williamson, J., and Wright, N.A.
Cornelison, D.D., and Wold, B.J. (1997). Single-cell analysis of regu-(2000). Hepatocytes from non-hepatic adult stem cells. Nature 406,
latory gene expression in quiescent and activated mouse skeletal257.
muscle satellite cells. Dev. Biol. 191, 270–283.Allen, R.E., Sheehan, S.M., Taylor, R.G., Kendall, T.L., and Rice,
Cornelison, D.D., Olwin, B.B., Rudnicki, M.A., and Wold, B.J. (2000).G.M. (1995). Hepatocyte growth factor activates quiescent skeletal
MyoD(/) satellite cells in single-fiber culture are differentiationmuscle satellite cells in vitro. J. Cell. Physiol. 165, 307–312.
defective and MRF4 deficient. Dev. Biol. 224, 122–137.Anastasi, S., Giordano, S., Sthandier, O., Gambarotta, G., Maione,
De Angelis, L., Berghella, L., Coletta, M., Lattanzi, L., Zanchi, M.,R., Comoglio, P., and Amati, P. (1997). A natural hepatocyte growth
Cusella-De Angelis, M.G., Ponzetto, C., and Cossu, G. (1999). Skele-factor/scatter factor autocrine loop in myoblast cells and the effect
tal myogenic progenitors originating from embryonic dorsal aortaof the constitutive Met kinase activation on myogenic differentiation.
coexpress endothelial and myogenic markers and contribute toJ. Cell Biol. 137, 1057–1068.
postnatal muscle growth and regeneration. J. Cell Biol. 147,Anderson, J.E., Weber, M., and Vargas, C. (2000). Deflazacort in-
869–878.creases laminin expression and myogenic repair, and induces early
Decary, S., Mouly, V., Hamida, C.B., Sautet, A., Barbet, J.P., andpersistent functional gain in mdx mouse muscular dystrophy. Cell
Butler-Browne, G.S. (1997). Replicative potential and telomereTransplant. 9, 551–564.
length in human skeletal muscle: implications for satellite cell-medi-Armand, O., Boutineau, A.M., Mauger, A., Pautou, M.P., and Kieny,
ated gene therapy. Hum. Gene Ther. 8, 1429–1438.M. (1983). Origin of satellite cells in avian skeletal muscles. Arch.
Eglitis, M.A., and Mezey, E. (1997). Hematopoietic cells differentiateAnat. Microsc. Morphol. Exp. 72, 163–181.
into both microglia and macroglia in the brains of adult mice. Proc.Beauchamp, J.R., Morgan, J.E., Pagel, C.N., and Partridge, T.A.
Natl. Acad. Sci. USA 94, 4080–4085.(1999). Dynamics of myoblast transplantation reveal a discrete mi-
Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E., Stornai-nority of precursors with stem cell-like properties as the myogenic
uolo, A., Cossu, G., and Mavilio, F. (1998). Muscle regeneration bysource. J. Cell Biol. 144, 1113–1122.
bone marrow-derived myogenic progenitors. Science 279, 1528–Beauchamp, J.R., Heslop, L., Yu, D.S., Tajbakhsh, S., Kelly, R.G.,
1530.Wernig, A., Buckingham, M.E., Partridge, T.A., and Zammit, P.S.
Ferrari, G., Stornaiuolo, A., and Mavilio, F. (2001). Failure to correct(2000). Expression of CD34 and myf5 defines the majority of quies-
murine muscular dystrophy. Nature 411, 1014–1015.cent adult skeletal muscle satellite cells. J. Cell Biol. 151, 1221–1234.
Friday, B.B., and Pavlath, G.K. (2001). A calcineurin- and NFAT-Biggar, W.D., Gingras, M., Fehlings, D.L., Harris, V.A., and Steele,
dependent pathway regulates Myf5 gene expression in skeletal mus-C.A. (2001). Deflazacort treatment of Duchenne muscular dystrophy.
cle reserve cells. J. Cell Sci. 114, 303–310.J. Pediatr. 138, 45–50.
Gilbert, R., Nalbanoglu, J., Tinsley, J.M., Massie, B., Davies, K.E.,Bischoff, R. (1994). The satellite cell and muscle regeneration. In
and Karpati, G. (1998). Efficient utrophin expression following ade-Myogenesis, A.G. Engel and C. Franszini-Armstrong, eds. (New
novirus gene transfer in dystrophic muscle. Biochem. Biophys. Res.York: McGraw-Hill), pp. 97–118.
Commun. 242, 244–247.Bittner, R.E., Schofer, C., Weipoltshammer, K., Ivanova, S., Streubel,
Goodell, M.A., Rosenzweig, M., Kim, H., Marks, D.F., DeMaria, M.,B., Hauser, E., Freilinger, M., Hoger, H., Elbe-Burger, A., and Wacht-
Paradis, G., Grupp, S.A., Sieff, C.A., Mulligan, R.C., and Johnson,ler, F. (1999). Recruitment of bone-marrow-derived cells by skeletal
R.P. (1997). Dye efflux studies suggest that hematopoietic stemand cardiac muscle in adult dystrophic mdx mice. Anat. Embryol.
cells expressing low or undetectable levels of CD34 antigen exist199, 391–396.
in multiple species. Nat. Med. 3, 1337–1345.Bjornson, C.R., Rietze, R.L., Reynolds, B.A., Magli, M.C., and Ves-
Gullberg, D., Tiger, C.F., and Veiling, T. (1999). Laminins during mus-covi, A.L. (1999). Turning brain into blood: a hematopoietic fate
cle development and in muscular dystrophies. Cell. Mol. Life Sci.adopted by adult neural stem cells in vivo. Science 283, 534–537.
56, 442–460.Blau, H.M., Brazelton, T.R., and Weimann, J.M. (2001). The evolving
concept of a stem cell: entity or function? Cell 105, 829–841. Gussoni, E., Soneoka, Y., Strickland, C.D., Buzney, E.A., Khan, M.K.,
Review
341
Flint, A.F., Kunkel, L.M., and Mulligan, R.C. (1999). Dystrophin ex- Odelberg, S.J., Kollhoff, A., and Keating, M.T. (2000). Dedifferentia-
tion of mammalian myotubes induced by msx1. Cell 103, 1099–1109.pression in the mdx mouse restored by stem cell transplantation.
Nature 401, 390–394. Orlic, D., Kajstura, J., Chimenti, S., Jakoniuk, I., Anderson, S.M., Li,
B., Pickel, J., McKay, R., Nadal-Ginard, B., Bodine, D.M., et al. (2001).Hartigan-O’Connor, D., and Chamberlain, J.S. (2000). Developments
Bone marrow cells regenerate infarcted myocardium. Nature 410,in gene therapy for muscular dystrophy. Microsc. Res. Tech. 48,
701–705.223–238.
Ozawa, E., Noguchi, S., Mizuno, Y., Hagiwara, Y., and Yoshida, M.Heslop, L., Morgan, J.E., and Partridge, T.A. (2000). Evidence for a
(1998). From dystrophinopathy to sarcoglycanopathy: evolution ofmyogenic stem cell that is exhausted in dystrophic muscle. J. Cell
a concept of muscular dystrophy. Muscle Nerve 21, 421–438.Sci. 113, 2299–2308.
Partridge, T. (2000). The current status of myoblast transfer. Neurol.Heslop, L., Beauchamp, J.R., Tajbakhsh, S., Buckingham, M.E., Par-
Sci. 21, S939–S942.tridge, T.A., and Zammit, P.S. (2001). Transplanted primary neonatal
myoblasts can give rise to functional satellite cells as identified Pereira, R.F., O’Hara, M.D., Laptev, A.V., Halford, K.W., Pollard, M.D.,
using the Myf5(nlacZl) mouse. Gene Ther. 8, 778–783. Class, R., Simon, D., Livezey, K., and Prockop, D.J. (1998). Marrow
stromal cells as a source of progenitor cells for nonhematopoieticHorsley, V., Friday, B.B., Matteson, S., Kegley, K.M., Gephart, J.,
tissues in transgenic mice with a phenotype of osteogenesis imper-and Pavlath, G.K. (2001). Regulation of the growth of multinucleated
fecta. Proc. Natl. Acad. Sci. USA 95, 1142–1147.muscle cells by an NFATC2-dependent pathway. J. Cell Biol. 153,
329–338. Rafael, J.A., Tinsley, J.M., Potter, A.C., Deconinck, A.E., and Davies,
K.E. (1998). Skeletal muscle-specific expression of a utrophin trans-Howell, J.M., Lochmuller, H., O’Hara, A., Fletcher, S., Kakulas, B.A.,
gene rescues utrophin-dystrophin deficient mice. Nat. Genet. 19,Massie, B., Nalbantoglu, J., and Karpati, G. (1998). High-level dys-
79–82.trophin expression after adenovirus-mediated dystrophin minigene
transfer to skeletal muscle of dystrophic dogs: prolongation of ex- Reitter, B. (1995). Deflazacort vs. prednisone in Duchenne muscular
pression with immunosuppression. Hum. Gene Ther. 9, 629–634. dystrophy: trends of an ongoing study. Brain Dev. 17, 39–43.
Ridgeway, A.G., and Skerjanc, I.S. (2001). Pax3 is essential for skele-Jackson, K.A., Mi, T., and Goodell, M.A. (1999). Hematopoietic po-
tential of stem cells isolated from murine skeletal muscle. Proc. Natl. tal myogenesis and the expression of six1 and eya2. J. Biol. Chem.
276, 19033–19039.Acad. Sci. USA 96, 14482–14486.
Rosenblatt, J.D., Yong, D., and Parry, D.J. (1994). Satellite cell activ-Jackson, K.A., Majka, S.M., Wang, H., Pocius, J., Hartley, C.J.,
ity is required for hypertrophy of overloaded adult rat muscle. MuscleMajesky, M.W., Entman, M.L., Michael, L.H., Hirschi, K.K., and
Nerve 17, 608–613.Goodell, M.A. (2001). Regeneration of ischemic cardiac muscle and
vascular endothelium by adult stem cells. J. Clin. Invest. 107, 1395– Sabourin, L.A., Girgis-Gabardo, A., Seale, P., Asakura, A., and Rud-
1402. nicki, M.A. (1999). Reduced differentiation potential of primary
MyoD/myogenic cells derived from adult skeletal muscle. J. CellJan, Y.N., and Jan, L.Y. (1998). Asymmetric cell division. Nature 392,
Biol. 144, 631–643.775–778.
Schultz, E. (1996). Satellite cell proliferative compartments in grow-Krause, D.S., Theise, N.D., Collector, M.I., Henegariu, O., Hwang,
ing skeletal muscles. Dev. Biol. 175, 84–94.S., Gardner, R., Neutzel, S., and Sharkis, S.J. (2001). Multi-organ,
multi-lineage engraftment by a single bone marrow-derived stem Schultz, E., and Jaryszak, D.L. (1985). Effects of skeletal muscle
cell. Cell 105, 369–377. regeneration on the proliferation potential of satellite cells. Mech.
Ageing Dev. 30, 63–72.Lagasse, E., Connors, H., Al-Dhalimy, M., Reitsma, M., Dohse, M.,
Osborne, L., Wang, X., Finegold, M., Weissman, I.L., and Grompe, Seale, P., and Rudnicki, M.A. (2000). A new look at the origin, func-
M. (2000). Purified hematopoietic stem cells can differentiate into tion, and “stem-cell” status of muscle satellite cells. Dev. Biol. 218,
hepatocytes in vivo. Nat. Med. 6, 1229–1234. 115–124.
Lee, J.Y., Qu-Petersen, Z., Cao, B., Kimura, S., Jankowski, R., Cum- Seale, P., Sabourin, L.A., Girgis-Gabardo, A., Mansouri, A., Gruss,
mins, J., Usas, A., Gates, C., Robbins, P., Wernig, A., and Huard, J. P., and Rudnicki, M.A. (2000). Pax7 is required for the specification
(2000). Clonal isolation of muscle-derived cells capable of enhancing of myogenic satellite cells. Cell 102, 777–786.
muscle regeneration and bone healing. J. Cell Biol. 150, 1085–1100. Semsarian, C., Wu, M.J., Ju, Y.K., Marciniec, T., Yeoh, T., Allen,
D.G., Harvey, R.P., and Graham, R.M. (1999). Skeletal muscle hyper-Maroto, M., Reshef, R., Munsterberg, A.E., Koester, S., Goulding,
M., and Lassar, A.B. (1997). Ectopic Pax-3 activates MyoD and trophy is mediated by a Ca2-dependent calcineurin signalling
pathway. Nature 400, 576–581.Myf-5 expression in embryonic mesoderm and neural tissue. Cell
89, 139–148. Skrabek, R.Q., and Anderson, J.E. (2001). Metabolic shifts and myo-
cyte hypertrophy in deflazacort treatment of mdx mouse cardiomy-Mauro, A. (1961). Satellite cell of skeletal muscle fibers. J. Biophys.
opathy. Muscle Nerve 24, 192–202.Biochem. Cytol. 9, 493–495.
Smith, C.K., II, Janney, M.J., and Allen, R.E. (1994). Temporal expres-McGeachie, J.K., and Grounds, M.D. (1995). Retarded myogenic
sion of myogenic regulatory genes during activation, proliferation,cell replication in regenerating skeletal muscles of old mice: an
and differentiation of rat skeletal muscle satellite cells. J. Cell. Phys-autoradiographic study in young and old BALBc and SJL/J mice.
iol. 159, 379–385.Cell Tissue Res. 280, 277–282.
Song, K., Wang, Y., and Sassoon, D. (1992). Expression of Hox-Megeney, L.A., Kablar, B., Garrett, K., Anderson, J.E., and Rudnicki,
7.1 in myoblasts inhibits terminal differentiation and induces cellM.A. (1996). MyoD is required for myogenic stem cell function in
transformation. Nature 360, 477–481.adult skeletal muscle. Genes Dev. 10, 1173–1183.
Tajbakhsh, S., Rocancourt, D., Cossu, G., and Buckingham, M.Mezey, E., Chandross, K.J., Harta, G., Maki, R.A., and McKercher,
(1997). Redefining the genetic hierarchies controlling skeletal myo-S.R. (2000). Turning blood into brain: cells bearing neuronal antigens
genesis: Pax- 3 and Myf-5 act upstream of MyoD. Cell 89, 127–138.generated in vivo from bone marrow. Science 290, 1779–1782.
Tatsumi, R., Anderson, J.E., Nevoret, C.J., Halevy, O., and Allen,Musaro, A., McCullagh, K.J., Naya, F.J., Olson, E.N., and Rosenthal,
R.E. (1998). HGF/SF is present in normal adult skeletal muscle andN. (1999). IGF-1 induces skeletal myocyte hypertrophy through cal-
is capable of activating satellite cells. Dev. Biol. 194, 114–128.cineurin in association with GATA-2 and NF-ATc1. Nature 400,
581–585. Teboul, L., Gaillard, D., Staccini, L., Inadera, H., Amri, E.Z., and
Grimaldi, P.A. (1995). Thiazolidinediones and fatty acids convertMusaro, A., McCullagh, K., Paul, A., Houghton, L., Dobrowolny, G.,
myogenic cells into adipose-like cells. J. Biol. Chem. 270, 28183–Molinaro, M., Barton, E.R., Sweeney, H.L., and Rosenthal, N. (2001).
28187.Localized Igf-1 transgene expression sustains hypertrophy and re-
generation in senescent skeletal muscle. Nat. Genet. 27, 195–200. Tinsley, J., Deconinck, N., Fisher, R., Kahn, D., Phelps, S., Gillis, J.M.,
Developmental Cell
342
and Davies, K. (1998). Expression of full-length utrophin prevents
muscular dystrophy in mdx mice. Nat. Med. 4, 1441–1444.
Torrente, Y., Tremblay, J.P., Pisati, F., Belicchi, M., Rossi, B., Sironi,
M., Fortunato, F., El Fahime, M., D’Angelo, M.G., Caron, N.J., et
al. (2001). Intraarterial injection of muscle-derived CD34()Sca-1()
stem cells restores dystrophin in mdx mice. J. Cell Biol. 152,
335–348.
Wakefield, P.M., Tinsley, J.M., Wood, M.J., Gilbert, R., Karpati, G.,
and Davies, K.E. (2000). Prevention of the dystrophic phenotype in
dystrophin/utrophin-deficient muscle following adenovirus-medi-
ated transfer of a utrophin minigene. Gene Ther. 7, 201–204.
Wang, B., Li, J., and Xiao, X. (2000). Adeno-associated virus vector
carrying human minidystrophin genes effectively ameliorates mus-
cular dystrophy in mdx mouse model. Proc. Natl. Acad. Sci. USA
97, 13714–13719.
Webster, C., and Blau, H.M. (1990). Accelerated age-related decline
in replicative life-span of Duchenne muscular dystrophy myoblasts:
implications for cell and gene therapy. Somat. Cell Mol. Genet. 16,
557–565.
